WORLD INTELLECTUAL PROPERTY ORGANIZATION 
. International Bureau 



PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 7 : 




(11) International Publication Number: 


WO 00/22459 


G02B 1/04, A61L 27/00, C08G 77/24 


Al 


(43) International Publication Date: 


20 April 2000 (20.04.00) 



(21) International Application Number: PCT/EP99/07780 

(22) International Filing Date: 1 1 October 1999 (11 .10.99) 



(30) Priority Data: 

09/170,160 
9822244.1 



13 October 1998 (13.10.98) US 
13 October 1998 (13.10.98) GB 



(71) Applicant (for all designated States except US): PHARMACIA 
& UPJOHN GRONINGEN BV [NL/NLj; P.O. Box 901, 
NL-9700 AX Groningen (NL). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): HUO, Peter, P. [CNAJS]; 
3 Posada, Irvine, CA 92614 (US). ZHOU, Stephen, Q. 
[CNAJS]; 11 Suncreek, Irvine, CA 92714 (US). UAU, 
Christine, J„ Y. [US/US]; 1 1 Mountainbrook, Irvine, CA 
92620 (US). NORRBY, Sverker [SE/NL]; Landauerlaan 17. 
NL-9351 PN Leek (NL). 

(74) Agents: FORSLUND, Niklas et al.; Pharmacia & Upjohn AB, 
S- 11 2 87 Stockholm (SE). 



(81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG, 
BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, DM, EE, 
ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, 
KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MD, 
MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU, SD, 
SE, SG, SI. SK, SL, TJ, TM, TU, TT, TZ, UA, UG, US, 
UZ, VN, YU, ZA, ZW, ARIPO patent (GH, GM, KE, LS, 
MW, SD, SL, SZ, TZ, UG, ZW), Eurasian patent (AM, AZ, 
BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, BE, 
CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC. 
NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, 
GN, GW, ML, MR. NE, SN, TD, TG). 



Published 

With international search report. 



(54) Title: INJECTABLE INTRAOCULAR LENS 
(57) Abstract 

The present invention relates to polysiloxanes suitable for the preparation of intraocular lenses by a cross-linking reaction, having a 
specific gravity of greater than about 1.0, a refractive index suitable for restoring the refractive power of the natural crystalline lens and a 
viscosity suitable for injection through a standard cannula. The present invention includes an injectable intraocular lens material based on 
said polysiloxanes and methods of preparing intraocular lenses by direct injection into the capsular bag of the eye. 
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Injectable Intraocular Lens 

FIELD OF INVENTION 

The present invention relates to an intraocular lens and to materials useful in making 
intraocular lenses (IOLs), specifically, injectable IOLs and methods for their preparation. More 
particularly, the invention relates to high specific gravity silicone materials suitable for making 
accommodative IOLs, which can be injected into the capsular bag with greater convenience than 
5 previously suggested materials. 

Background of the Invention 

The human eye is a highly evolved and complex sensory organ. It is composed of a 
cornea, or clear outer tissue which refracts light rays enroute to the pupil, an iris which controls 

1 o the size of the pupil thus regulating the amount of light entering the eye, and a lens which 
focuses the incoming light through the vitreous fluid to the retina. The retina converts the 
incoming light into electrical energy that is transmitted through the brain stem to the occipital 
cortex resulting in a visual image. In the perfect eye the light path from the cornea, through the 
lens and vitreous fluid to the retina is unobstructed. Any obstruction or loss in clarity within 

1 5 these structures causes scattering or absorption of light rays resulting in diminished visual acuity. 
For example, the cornea can become damaged resulting in oedema, scarring or abrasions, the lens 
is susceptible to oxidative damage, trauma and infection, and the vitreous can become cloudy due 
to hemorrhage or inflammation. 

As the body ages, the effects of oxidative damage caused by environmental exposure and 

20 endogenous free radical production accumulate resulting in a loss of lens flexibility and 

denatured proteins that slowly coagulate reducing lens transparency. The natural flexibility of the 
lens is essential for focusing light onto the retina by a process referred to as accommodation. 
Accommodation allows the eye to automatically adjust the field of vision for objects at different 
distances. A common condition known as presbyopia results when the cumulative effects of 

25 oxidative damage diminish this flexibility reducing near vision acuity. Presbyopia usually 
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begins to occur in adults during their mid-forties; mild forms are treated with glasses or contact 
lenses. 

Lenticular cataract is a lens disorder resulting from the further development of coagulated 
protein and calcification. There are four common types of cataracts: senile cataracts associated 
with aging and oxidative stress, traumatic cataracts which develop after a foreign body enters the 
lens capsule or following intense exposure to ionizing radiation or infrared rays, complicated 
cataracts which are secondary to diseases such as diabetes mellitus or eye disorders such as 
detached retinas, glaucoma and retinitis pigmentosa, and toxic cataracts resulting from medicinal 
or chemical toxicity. Regardless of the cause, the disease results in impaired vision and may lead 
10 to blindness. 

Treatment of severe lens disease requires the surgical removal of the lens involving 
phakoemulsification followed by irrigation and aspiration. However, without a lens the eye is 
unable to focus the incoming light on the retina. Consequently, an artificial lens is used to 
restore vision. Three types of prosthetic lenses are available: cataract glasses, external contact 
lenses and IOLs. Cataract glasses have thick lenses, are uncomfortably heavy and cause vision 
artifacts such as central image magnification and side vision distortion. Contact lenses resolve 
many of the problems associated with glasses, but require frequent cleaning, are difficult to 
handle (especially for elderly patients with symptoms of arthritis), and are not suited for persons 
who have restricted tear production. Intraocular lenses are used in the majority of cases to 
overcome the aforementioned difficulties associated with cataract glasses and contact lenses. 

IOLs mentioned in the prior art literature usually belong to one the following categories: 
non-deformable, foldable, expansible hydrogels and injectable. The earliest IOLs coming into 
surgical practice are non-deformable implants having rigid structures composed of acrylates and 
methacrylates. This type of lenses requires a large surgical incision in the capsular bag and is not 
25 accommodative. The large incision results in protracted recovery times and the likelihood of 
introducing astigmatism. In an effort to reduce recovery time and patient discomfort numerous 
small incision techniques and lenses have been developed. 

Present IOLs designed for small incision implantation have elastomeric characteristics 
and are made of silicone materials. This type of lenses can be rolled or folded, inserted into the 
30 capsular sac then unfolded once inside. Occasionally, the folding of the lens before insertion 
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results in permanent deformation adversely effecting the implant's optical qualities. Foldable 
lenses meet the requirement of reducing the large surgical incision nbn-deformable lenses 
required, but are not accommodative. Moreover, both non-deformable and foldable IOLs are 
susceptible tb mechanical dislocation resulting in damage to the corneal endothelium. 

5 It has^further been suggested to use an elastomeric polymer that becomes pliable when 

heated to body temperature or slightly above in small incision IOL implantation. Once pliable, 
such a lens would be deformed along at least one axis reducing its size sufficient for easy 
insertion through a small incision. The lens is then cooled to retain the modified shape until re- 
heated. The cooled lens is inserted into the capsular sac and the natural body temperature warms 

10 the lens and it returns to its original shape. The primary drawback to the thermoplastic lens is the 
limited number of polymers that meet the exacting needs of this approach. Most polymers are 
composed of polymethylacrylate which have solid-liquid transition temperatures above 100°C. 
To reduce these transition temperatures modifications of the polymer substrate with the use of 
plasticizers is required which eventually may leach into the eye. 

15 Dehydrated hydrogels have also been suggested for small incisions techniques. Hydrogel 

lenses are dehydrated before insertion and naturally rehydrated once inside the capsular sac. 
However, once folly rehydrated the polymer structure is notoriously weak due to the large 
amount of water absorbed. The typical dehydrated hydrogei's diameter will expand from 3 mm 
to 6 mm resulting in a lens that contains about 85% water. At this water concentration the 

20 refractive index drops to approximately 1 .36 which is unacceptable for an IOL. To achieve a 
refractive index equal or greater than that of the natural lens (>1 .40) a significantly thicker lens is 
required; this is even further exacerbated when lens diameters exceed 6 mm. 

To further develop IOLs and reduce surgical incisions to below 1 .5 mm, techniques with 
injectable IOLs have been suggested, wherein the low viscosity lens material is directly injected 

25 into the empty capsular bag and cured in situ as a part of the surgical procedure. In this process 
the capsular bag is to be used as a mold to form the shape of the lens and thereby contribute 
control its refraction. There have been several attempts to develop materials suitable for use as 
injectable IOLs. For example, Gerace et al. describe a fast curing mixture of vinyl-containing 
polyorganosiloxane, organosilicone comprising hydride groups and a platinum group metal 

30 catalyst used to form an IOL in their 5,278,258, 5,391,590 ('590) and 5,41 1,553 patents. The 
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resulting polymers demonstrate a reduced tendency of discoloration compared to other platinum 
catalyzed silicone polymers. The '590 patent also discloses a substantially non-functional 
polymer component of the mixture that has a viscosity at least 50 times greater than the 
functional polymers. The non-functional component is mixed with the functional components to 

5 adjust viscosity to a predetermined specification. Kelman discloses an injectable collagen IOL 
in US patent number 5,476,515. This lens is clear, resistant to epithelialation and is capable of 
accommodation. It is made from a transparent collagen compound that has a refractive index 
range from 1 .2 to 1 .6 that can be used in either its original viscous state, or polymerized into a 
soft gel. The collagen compound is injected directly into the capsular sac following natural lens 

10 removal. 

Apart from problems with obtaining control over the crosslinking process and finding 
clinically acceptable conditions, there have been a struggle to perfect the polyorganosiloxane 
compositions, since they need to have a suitable viscosity for injection, a suitably high refractive 
index as well as suitable mechanical characteristics after crosslinking, i.e. a suitable modulus. 

1 5 Polydimethylsiloxane (PDMS) has been employed as a material in foldable IOLs and has 

refiactive index similar to that of the natural crystalline lens. This material is also exemplified as 
a part of the injection mixture in the above mentioned patents to Gerace et al. PDMS has also 
been found to have a relatively low viscosity and thereby a tendency to leak out of out of the 
desired injection site (i.e. the capsular bag). This is considered in the mentioned US Patent 

20 5,391,590, wherein an additional high viscosity polysiloxane is added to the injection mixture. 
However, high viscosity silicones have the drawback in that they can entrap air bubbles, which 
can impair the optical quality of the resulting product. In addition, it has been found that 
polyorganosiloxanes having a high fraction of dimethylsiloxane units may have an unacceptable 
low specific gravity with the undesired result that the injected lens material will float on an 

25 aqueous layer in the capsular bag. In such a case, it will be difficult to fill the capsular sac 

completely and requires the surgeon to manually express water in order to maintain the correct 
lens shape during the curing process. Therefore, it is desirable to formulate an injectable lens 
forming material from polysiloxanes which can overcome the problems with floating and 
leakage, while still having a suitably high refractive index and the desirable mechanical and 

30 optical qualities so as to constitute an optimal replacement for the natural lens. These features are 
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accomplished by the presently invented injectable lens material with a specific gravity greater 
that 1.0 which maintains a sufficiently high refractive index at least similar to that of natural 
lenses and provides for an optically smooth surface of the resulting lens. 

5 Objects and Summary of the Invention 

The objects of the present invention are to provide injectable materials useful in making 
IOLs, specifically, injectable IOLs, and methods for their preparation and use. In particular it is 
an object of the present invention to provide intraocular lenses having the advantage of a specific 
10 gravity greater than 1 .0 that greatly simplifies injection of the lens forming silicone material and 
helps to assure proper positioning and conformation once cured in situ, while yet being able to 
provide a controllable refractive index within the physiological range the recipient requires for 
proper vision and suitably low modulus of the cured product, so as to better replicate the 
accommodative characteristics of the implanted lens. A further object is to provide materials and 
15 methods that lead to a fully cured injectable IOL with an optically smooth surface. These and 
other objects not specifically enumerated are addressed by identifying high specific gravity 
silicone materials suitable for making accommodative IOLs that can be injected with greater 
convenience than current materials. 

In its most general form the present invention relates to polysiloxanes suitable for the 
20 preparation of intraocular lenses by a crosslinking reaction, having a specific gravity of greater 
than about 1.0, a refractive index suitable for restoring the refractive power of the natural 
crystalline lens and a viscosity suitable for injection through a standard cannula. It is to be 
understood that the polysiloxanes comprise a certain amount of functional unsaturated groups 
suitable for reaction with silicone bonded hydride (Si-H) groups in the presence of a catalyst The 
25 skilled person knows of a large number of different alkenyl moieties and routes of how to 
synthesize vinyl functional polysiloxanes. A suitable and commonly employed route is to 
introduce end-blocking groups of vinyldimethyl siloxane wherein the olefinic vinyl group will 
enable curing by crosslinking. The polysiloxanes according to the invention can have refractive 
index ranges between 1 .382 and up to about 1 .60, preferably between from about 1 .38 to 1 .46 
30 and more preferably index ranges from about 1.38 to 1.43, in order to be suitable as a material for 
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the production of intraocular lenses. Most preferably, the inventive polysiloxanes have a specific 
gravity within the range of about 1.03 to about 1.20. The polysiloxanes should also have a 
suitable viscosity to be readily injectable through conventional cannula having an 18 Gauge 
needle dimension or finer dimensions. Preferably, the polysiloxanes should be able to pass 
5 through a 2 1 Gauge needle. To comply with these criteria of injectability, polysiloxanes 
according to the present invention should have a viscosity less than about 60 000 cSt. More 
preferably, the viscosity should be less than about 8000 cSt. The skilled person will be able to 
relate these requirements to suitable degrees of polymerization. 

The polysiloxanes typically consist essentially of different siloxane monomer units 
1 o having the general formula -RASiO-, wherein R„ and R„ are the same or different substituted or 
unsubstituted alkyl or aryl groups bound to the silicone atom. In accordance with the present 
invention at least one of the siloxane monomers included in the polysiloxanes has specific 
gravity greater than about 1 .0. According to one aspect of the invention the polysiloxanes has at 
least one monomer, wherein R, and Rb are the same or different alkyl or aryl groups of which at 
1 5 least one of said groups is substituted with one or several fluorine atoms. Preferably, the 
polysiloxanes comprises monomer units, wherein R, is fluoroalkyl and ^ is alkyl and most 
preferably the polysiloxanes comprise 3,3,3-trifluoropropylmethylsiloxane monomers. In order 
to provide the polysiloxanes with the typically high specific gravity, it is preferred that the 
fluoroalkyl containing monomers exceed about 4 mol%. Further, it is also preferable that one of 
20 the siloxane monomers is an arylsiloxane and especially preferred arylsiloxanes are 
diphenylsiloxane and phenylalkylsiloxane. 

According to an aspect of the invention, the polysiloxanes essentially are terpolymers 
derived from three different siloxane monomers of the general formula (R,R 2 SiO), (RjR^SiO)™ 
(RjRjSiO), wherein one of the three monomers has a specific gravity greater than about 1 .0 and 
25 said terpolymer has a refractive index of about 1 .41 . In order to accomplish polysiloxanes with 
the mentioned requirements which the inventors have found to be advantageous for obtaining a 
material suitable for being injected into the capsular bag of the eye, it has been found suitable 
that R, and R 2 are the same or different lower substituted or unsubstituted alkyl and most 
preferable both are methyl. R, and R, shall be selected among the same or different substituted or 
30 unsubstituted aryl and alkyl groups, preferably R, is phenyl and R, is phenyl or methyl. R$ and Ro 
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shall be selected among fluoroalkyl and alkyl groups and preferably R 5 is trifluoropropyl and R, 
is methyl. Alternatively, the inventive polysiloxanes can be higher polymers than terpolymers 
including but not limited to tetracopolymers with the same monomer types as mentioned. 

According to preferred aspect of the invention, polysiloxanes essentially are vinyl- 
terminated terpolymers having the formulae. g 



R 1 R 3 R 5 

[ sl-o-jrf-si-o-^si-o^ 

R 2 R 4 R 5 

wherein R 1 and R2 are independently C]-C 6 alkyl; R^ is phenyl; R 4 is phenyl or C!-C 6 
alkyl; R 5 is CF 3 (CH2) X wherein x is 1-5; R 6 is Ci-C 6 alkyl or fluoroalkyl; 1 is in the molar 
fraction range of 0 to 0.95; m is in the molar fraction range of 0 to 0.7; and n is in the molar 
fraction range of 0 to 0.65. It is preferred that Rl is methyl, that R2 is methyl, R 4 is phenyl, that 
x is 2, either independently, or in combination. Preferably according to these alternatives R 6 is 
methyl. According to one embodiment, the polysiloxane is a copolymer of diphenyl or 
phenylalkyl siloxane and dialkyl siloxane. According to further embodiments, the polysiloxane is 
a copolymer of diphenyl or phenylalkyl siloxane and trifluoroalkyl(alkyl)siloxane, or a 
terpolymer or higher order polymer of diphenyl and/or phenylalkyl siloxane, dialkyl siloxane and 
trifluoroalkyl alkyl siloxane. According to a specific preferred embodiment, polysiloxane is a 
terpolymer of dimethyl siloxane, diphenyl siloxane or phenylmethyt siloxane and 3,3,3- 
trifluoropropylmethyl siloxane. Preferably, said polysiloxanes comprise at least about 4 mol% of 
trifluoropropylmethyl siloxane and 1 to 50 mol% of diphenylsiloxane and/or 
phenylmethylsiloxane. More preferably said polysiloxanes comprise about 4 to 65 mol% 3,3,3 
trifluoropropylmethyl siloxane, 1 to 50 mol% of diphenylsiloxane and dimethylsiloxane 
monomer units. One suitable polysiloxane composition for being a part of a composition for 
injection into the capsular bag of the human eye for the formation of IOL comprises about 28 
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mol% trifluoropropylmethyl siloxane, about 4 mol% diphenyl siloxane and dimethyl siloxane 
monomer units. 

An important part of the present invention is the provision of an injectable lens material, 
comprising polysiloxanes having a specific gravity that is greater than about 1 .0 and a refractive 

5 index of £ natural lens which are defined as above, a crosslinkmg agent having a suitable amount 
of unreacted Si-H groups and a catalyst. It is to be understood by the skilled person that such a 
material is prepared by mixing the a formulation of the polysiloxane and catalyst with a 
formulation of the crosslinking agent, just prior to its use. It is also to be understood that these 
formulations can comprise further conventional constituents, such as agents for affecting the 

l o crosslinking and agents commonly associated with the production of lOLs from silicone 
materials, e.g. UV light absorbers. 

The catalysts can be found among platinum group metal containing catalysts commonly 
employed for catalyzing the formation of bonds between Si-H groups and vinyl groups as 
referred to in US patent No. 5,278,258. 

15 The crosslinking agents are of the siloxane or polysiloxane (i.e. a multifunctional 

organohydrogenpolysiloxane) type carrying at least two, preferably at least three Si-H groups, as 
disclosed in US Patents No. 5,278,258 and 5,444,106 which documents are incorporated as 
references for the crosslinking process. Other suitable crosslinkers are the branched siloxanes 
mentioned in US Patent No. 2,877,255. An example of a particularly suitable crosslinking agent 

20 for the present invention is tetrakis(dimethylsiloxy)silane. 

The amounts of the components of the injectable material can be varied in accordance to 
the specific conditions. For example it is desirable to have reasonable fast curing process at 
ambient body temperature so final curing is accomplished within about 2 to 6 hours and that the 
injected composition is gelled into a stable polymeric network within a suitable working time for 

25 the surgeon. The skilled person will be able find suitable variation of the amount of the 
components and selecting suitable catalysts and crosslinking agents to obtain a suitable 
crosslinking density and so the resulting lens quality not will be compromised from any optical 
deficiency, such as discoloration from excessive catalyst levels. Examples of preferred routes to 
produce IOLs of the inventive lens material bases on specific polysiloxanes are given below. 
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The high specific gravity polysiloxanes preferably are prepared from a mixture of 
siloxane compounds including, either trimers, tetramers, or higher order cyclic siloxanes. The 
monomers used in the preferred embodiments of the present invention include, but are not 
limited to, methyl and substituted methyl siloxanes, phenyl siloxanes and trifluoropropyl 

5 methylsiloxanes having individual specific gravities ranging between about 0.97 and 1 .28. 
A crosslinkable terpoiymeric silicone fluid, suitable for IOL can be prepared by 
copolymerizing three or more siloxane monomers in a predetermined ratio. Once formed the 
polymer has a specific gravity greater than 1 .0 and can be injected into the patient's previously 
prepared capsular bag in a mixture with a crosslinker, the necessary catalyst and inhibitor 

I o formulation and cured in situ. During the early, i.e. gelation, phase of the curing process 

intraocular pressure is maintained to assure proper lens positioning and conformation within the 
capsular sac. The resulting IOL will have a refractive index within the physiologic range 
previously determined optimum for the given application and an optically smooth surface. 

Detailed Description of Exemplary Embodiments 

15 

The types of siloxane monomers useful in preparing the IOLs of this preferred 
embodiment include, but are not limited to, methyl and substituted methyl siloxanes, phenyl 
siloxanes and trifluoropropyl methyl siloxanes with individual specific gravities ranging between 
0.97 and 1.28. The high specific gravity silicone co-polymers of the present invention are 
20 prepared by mixing a plurality of these compounds in a predetermined ratio to achieve a desired 
specific gravity and refractive index. 

According to one embodiment, three siloxane monomers are mixed together with a 
suitable end blocker and dried in a reduced atmosphere under controlled thermal conditions. The 
reaction mixture is then catalyzed to induce co-polymerization in an inert atmosphere. The 
25 reaction is allowed to continue for a predetermined time in a precise thermal environment then 
terminated. Next, the reaction product is washed, precipitated and dried. The specific gravity, 
refractive index and mean molecular weight are determined. 

In another embodiment of the present invention three siloxane monomers are mixed 
together with a suitable end blocker and dried in a reduced atmosphere under controlled thermal 
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conditions as before. The reaction mixture is then catalyzed to induce co-polymerization in an 
inert atmosphere. The reaction is allowed to continue for a predetermined time in a precise 
thermal environment then terminated. Next, the reaction product is washed, precipitated and 
dried. The resulting precipitate is then re-dissolved in a suitable solvent and filtered to enhance 

P clarity. The specific gravity, refractive index and mean molecular weight are determined. 
Changes in the reactants, their relative concentrations and reaction conditions will result in a 
variety of end products with different specific gravities and refractive indices. The benefits of 
these differences will become apparent to one skilled in the art from the specific examples below. 
According to the methods of the present invention, the ratio of siloxane monomer 

10 reactants necessary to achieve a desired refractive index and specific gravity can be 

approximated mathematically. If N is the desired IOL's refractive index and P is the specific 
gravity of the lens' copolymer and where n,., are the refractive indices and p,. 3 are the specific 
gravities of the monomer reactants then the following mathematical relationship can be used: 

N = x,n, + x 2 n 2 + x 3 n 3 

15 P = x,p, + Xjp 2 + x 3 p 3 

Where x,. 3 represent the ratio of the individual siloxane monomer reactants required to achieve 
an IOL with the desired optical and physical properties and x, + x 2 + x, = 1. 

Having an injectable silicone lens with a specific gravity greater than 1 .0 will greatly 
simplify the injection process and represents a significant improvement over previously 

20 suggested materials for injectable lens materials. Prosthetic lenses made by the process 

described herein are compliant and retain the refractive index of the natural lens making them 
ideal as corrective lenses as well as replacements for damaged and cataractous lenses. 

The present invention improves considerably on previously suggested polysiloxane based 
materials for injectable IOLs due to its increased specific gravity to above 1.0, so displace 

25 residual water after its injection into the capsular sac's aqueous environment. This characteristic 
will reduce post-injection manipulation of the surgeon and will assure that the lens will assume a 
natural position and configuration. In accordance with the methods of the present invention an 
injectable IOL material is formed that greatly simplifies the injection, positioning and curing 
process. By the mentioned selection of siloxane monomers a high density injectable material can 

30 be provided with a controlled suitable refractive index comparable to that of the natural lens 
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without compromising the other important requirements including a viscosity suitable for 
injection. This will greatly contribute to that is possible to adjust the refractive outcome of the 
injected lens formed with the capsular bag as a mold by having suitable fractions of siloxane 
units contributing to a high refractive index and siloxane units contributing to a high density. 
Another advantage of this invention is that extremely compliant nature fully cured lenses can be 
obtained. If a conventional foldable silicone lens is considered to have a stiffness of 100, a cured 
injectable lens made from the material of the present invention could be designed to have a 
stifmess ranging from zero to five. Therefore, lenses made from the material described herein 
can be accommodative and respond naturally to the changes in the eyes' shape as focal length is 
adjusted. The accommodative nature of lenses fabricated from materials of the present invention 
would make them particularly suitable for corrective purposes besides replacements for diseased 
natural lenses and is considered within the scope of this invention. An unexpected, and 
beneficial, advantage of the present invention is the optically smooth surface formed after the 
lens has cured in situ. 

The following examples are offered as being illustrative of the principles of the present invention 
and not by way of limitation. 



Example 1 

Preparation of Polv(dimethyl-co-methvlphenvl-co-trifluoropr opvlmethvl)siloxane. 

To a dry 50ml flask were added siloxane monomers: hexamethylcyclotrisiloxane, 6.0g, 
3,3,3-trifluoropropylmethylcylclotrisiloxane, 7.3g, l,3,5-trimethyl-l,3,5- 
triphenylcyclotrisiloxane, 1.7g (1.55ml), and an end-blocker, 1,3-divinyltetramethyldisiloxane, 
0.14g (0.17ml). The mixture was dried under vacuum at 80 °C for 30 minutes, then purged with 
argon. The temperature was raised to 140 0 C and potassium silanolate catalyst, 7 mg, was added 
to initiate polymerization. The reaction proceeded quickly as indicated by an increase in 
viscosity. After about 30 minutes the mixture clarified. After about 3 hours the temperature was 
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raised to 160°C and the reaction continued for a further 3 hours, after which the reaction was 
cooled to room temperature. The polymer was cleaned using a procedure of dilution with 
tetrahydrofuran and precipitation in methanol, then dried. The dried silicone product was glass 
clear, with refractive index: 1 .4070 (calculated: 1 .410), specific gravity: 1.116 (calculated: 
5 1.1 04), and molecular weight by GI;C 25,000. Crosslinking of the polymer produced a clear 
silicone gel. 

Example 2 

, 0 Preparation of polY(dimethvl-co-methvlphenvl-co-trifluorop ropylmethyl)siloxane 

A reaction mixture was prepared according to Example 1 except that the siloxane monomers 
were hexamethylcyclotrisiloxane, 9.0g, 3,3,3-trifluoropropylmethylcylclotrisiloxane, 4.65g, 
l,3,5-trimethyl-l,3,5-triphenylcyclotrisiloxane, 1.35g (1.23ml). The resulting silicone polymer 
15 product was glass clear, the refractive index was 1.4082 (calculated: 1 .410), specific gravity was 
1 .066 (calculated: 1 .056) and the molecular weight by GPC was 26,000 . 

Example 3 

20 Preparation of polv(dimethyl-co-diphenyl-co-trifluoropro pvlmethvnsiloxane 

To a dry 50ml flask were added siloxane monomers: hexamethylcyclotrisiloxane, 7.5g, 
3,3,3-trifluoropropylmethylcylclotrisiloxane, 6.66g, hexaphenylcyclotrisiloxane,1.68g, and an 
end-blocker, 1,3-divinyltetramethyldisiloxane, 0.28g (0.34ml). The mixture was dried under 

25 vacuum at 80°C for 30 minutes, then purged with argon. The temperature was raised to 1 40°C 
and potassium silanolate catalyst, circa 7mg, was added to initiate polymerization. The reaction 
proceeded quickly as indicated by an increase in viscosity. After about 30 minutes the solution 
was almost clear with some residue at the bottom of the reaction vessel. The viscosity of the 
reaction mixture was decreasing. After about 2 hours the temperature was raised to 160°C and 

30 the reaction continued for a further 3 hours, after which the reaction was cooled to room 
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temperature. The polymer was washed with tetrahydrofuran and precipitated in methanol, then 
dried. The dried silicone product was slightly hazy. The material was dissolved in 
tetrahydrofuran, filtered through a 0.45 micrometer filter, and again dried, yielding a glass clear 
silicone polymer. The refractive index was 1 .4095 (calculated: 1 .424), specific gravity was 1.10 
5 (calculated: 1.094) and the molecular weight by GPC was 18,000 . Crosslinking of this material 
yielded a clear silicone gel. *«" 

Example 4 

, 0 Preparation of polv(dimethvl-co-diDhenvl-co-trifluo ropropvlinethvl)siloxane 

To a dry 1000ml flask were weighed in order: octaphenylcyclotetrasiloxane, 90.6lg, 
3,3,3-trifluoropropylmethylcylclotrisiloxane, 101.88g, octamethylcyclotetrasiloxane, 368.27g, 
and an a,a>-divinyl dimethylsiloxane oligomer end-blocker (Mn 1287 by NMR analysis), 40.93g. 

1 5 The flask was equipped for reflux and the reagents dried under vacuum on a bath at 80°C for 30 
minutes. The system was purged with nitrogen, and potassium silanolate (Mn 395), 267mg, 
added. The bath temperature was increased to 160°C and the mixture heated and stirred for 20 
hours, yielding a clear colourless polymer mixture. After cooling, the product was diluted with 
420ml dichloromethane, and washed four times with 420ml portions of water, the first portion 

20 being acidified with 3.0ml of 0.1N HCl and the second portion with 0.6ml 0.1N HC1 (the third 
and fourth portions were not acidified). The polymer was then washed twice with 420ml 
portions methanol, diluted with 180ml tetrahydrofuran, and washed twice more with methanol, 
as before. The solvent was then removed under vacuum over a few hours, with heating on a bath 
at 100°C, to a pressure of below lmbar. The polysiloxane product was clear and colourless, with 

25 refractive index 1 .428 (calculated: 1 .432) and density 1 .04 (calculated: 1 .043). Viscosity at 
25°C was 1 802 cP. H-NMR, 500MHz, gave unit mole ratios: dimethyl / diphenyl / 
trifluoropropyl / divinyltetramethyl of 0.8 19 / 0.071 / 0.105 / 0.00494 (monomer ratios were: 
0.827 / 0.070 / 0.099 / 0.00483), implying Mn 18,600 . GPC gave Mn 18,500 and Mw 36,600 . 



30 



WO 00/22459 



14 



PCT/EP99/07780 



Example 5 

Preparation of polv(dimethyl-co-diphenyl-co-t rifluoropropylmethyl)siloxane. 

The polymerization method of Example 3 was repeated on a 125g reagents^cale, employing 
octaphenylcyclotetrasiloxane, 34.88g, 3,3,3-trifluoropropylmethylcylclotrisiloxane, 25.25g, 
octamethylcyclotetrasiloxane, 56.4g, and an a,<D-divinyl dimethylsiloxane oligomer end-blocker 
(Mn 1287), 8.50g, and potassium silanolate, 55mg. The work-up differed from Example 3, using 
chloroform, 57ml, to dilute the polymer, followed by three washes with water and two with 
methanol, all 88ml portions, then dilution with 44ml tetrahydrofuran, followed by two more 
washes with 88ml portions methanol, then vacuum stripping to <lmbar on a bath at 100°C. The 
clear colourless product had refractive index 1 .455 (calculated: 1 .460) and density 1 .08 
(calculated: 1.080). Viscosity at 25°C was 3324 cP. H-NMR, 5 00MHz, gave unit mole ratios: 
dimethyl / diphenyl / trifluoropropyl / divinyltetramethyl of 0.697 / 0.158 / 0.140 / 0.00570 
(monomer ratios were: 0.713 / 0.146 / 0.135 / 0.00549), implying Mn 18,600 . GPC gave Mn 
16,900 and Mw 33,400. 



Example 6 

Curing of prepolymers 

The silicone polymers were prepared for curing by formulating two parts, a Part A containing 
platinum catalyst in the form of the 1,3-divinyltetramethyldisiloxane complex, and a Part B 
containing crosslinker and siloxane inhibitor. The preferred crosslinker was 
tetrakisdimethylsiloxysilane, TKDMSS, but a polymeric silicon hydride (Gelest/ABCR HMS- 
151, a copolymer of methylhydrosiloxane and dimethylsiloxane having nominal Mn 1900-2000 
and 15-18mol% MeHSiO units) is here also reported for comparison. Optimum ratios of catalyst, 
crosslinker, and inhibitor were determined by studying the curing profiles of silicone mixtures 
using a rheometer (Rheometrics RDA 2, with determination of the moduli of the cured materials. 
Mixtures were formulated to give gel times circa 15-20 minutes at 20°C. Tests were performed 
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at 35°C using 25mm diameter plates with 1mm spacing. Frequency and strain sweeps were 
regularly performed on the materials. Mixtures for testing were prepared by accurately weighing 
portions of Parts A and B, mixing for 2 minutes, and degassing under reduced pressure before 
transferring the mixture to the plates. The disks obtained from the mixtures were clear and 
colourless. The results obtained are illustrated by the following examples: £. 

Example 6(a). 

Prepolymer prepared in Example 4 was formulated as Part A, containing circa 8ppm platinum, 
and Part B containing 1 8.2mg TKDMSS /g Part B, plus siloxane inhibitor. The mixture was 
analysed on the rheometer in different weight ratios of B/A at 35°C, determining shear moduli, 
G', after 3000 seconds, at which time the mixutures were fully cured. The results for ratios B/A 
were: ratio: 0.86, G' 199.2 kPa; ratio: 1.00: G' 217.2 kPa; ratio: 1.15, G' 214.5 kPa. 
Example 6(b). 

Prepolymer prepared as per Example 4 was formulated as Part A, containing circa 12ppm 
platinum, and Part B containing 8.23%ww polymeric silicon hydride, Gelest/ABCR HMS-151, 
plus siloxane inhibitor. The mixture was analysed on the rheometer at 35°C as above. Shear 
moduli, G', after 3000 seconds for ratios B/A were: ratio: 0.821, G' 100.7 kPa; ratio: 1.00: G' 
167.9 kPa; ratio: 1.22, G' 193.2 kPa; ratio: 1.52, G' 184.0 kPa. 

Example 7 

Implantation of silicone material into pig cadaver eyes 

A fresh pig cadaver eye was prepared, with small aperture incision into the capsular bag and 
removal of the crystalline lens. The silicone composition was prepared from the prepolymer of 
Example 4, having refractive index 1 .428, with Part A containing ca. 1 2 ppm platinum as a 
divinyltetramethyldisiloxane complex, and Part B containing tetrakisdimethylsiloxysilane 
crosslinker, 18.9mg/g mixture, with siloxane inhibitor. Gel time was circal6 minutes at 20°C. 
Silicone for injection was prepared by mixing equal weights of Parts A and B in a Teflon pot, 
taking up in a syringe, vacuum degassing, and then injecting into the capsular bag via a 2 1 gauge 
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cannula, so as to refill the bag and give appropriate curvature. After curing (ca. 45 minutes from 
the start of mixing) the lens was removed from the eye. The transparent tack-free lens had 
anterior radius 10.1+0.4mm, posterior radius 5+O.lmm, thickness 5.33+0.O3mm, diameter 
9.2+0. 1mm. Its power in air was 1 15+2diopter, and focal length 8.7+0. 1mm (in water, lens 
5 power was 29. 1+0.5 diopters, and focal length 45.7+0.8mm).f The natural crystalline lens of the 
pig has higher RI than that of the human lens. From the measured dimensions of 1 1 pig lenses it 
was calculated that an RI of circa 1 .5 1 is required to restore natural refractive power in a refilled 
pig lens. 

10 Example 8 

Implantation of silicone material into a human cadaver eye 

A human cadaver eye was prepared, with small aperture incision into the capsular bag and 
1 5 removal of the crystalline lens. The silicone composition was prepared and a lens made as per 
Example 7. The transparent tack-free lens had anterior radius 8.7+0.5mm, posterior radius 
6.2+O.lmm, thickness 4.1 l+0.06mm, diameter 8.2+0.1mm. Its calculated focal length, 49.08mm 
gave a power in water of 27.1+0.7 diopters. The power in water of the average human lens is 
21 .8 diopters, and to have obtained this power in the lens refilled herein would have required 
20 filling material of RI 1 .4 1 . 
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CLAIMS 

1. Polysiloxanes suitable for the preparation of intraocular lenses by a crosslinking reaction, 
having a specific gravity of greater than about 1.0, a refractive index suitable for restoring the 
refractive power of the natural crystalline lens and a viscosity suitable for injection through a 
standard cannula. 

2. Polysiloxanes according to claim 1 , wherein the refractive index ranges between 1 .382 up to 
about 1.60 

3. Polysiloxanes according to claim 2 comprising at least one siloxane monomer with a specific 
gravity greater than about 1 .0. 

4. Polysiloxanes according to claim 3 comprising at least one siloxane monomer -ly^SiO-, 
wherein R, and R„ are the same or different alkyl or phenyl groups of which at least one is 
substituted with one or several fluorine atoms. 

5. Polysiloxanes according to claim 4 comprising fluoroalkyl(alkyl)siloxane monomers. 

6. Polysiloxanes according claim 5 comprising trifluoropropylmethylsiloxane monomers. 

7. Polysiloxanes according to any of claims 1 to 6 being terpolymer or higher polymer of three or 
more siloxane monomers units. 

8. Polysiloxanes according to any of claims 3 to 7 comprising arylsiloxane monomers. 

9. Polysiloxanes according to claim 8 comprising methyl and substituted methylsiloxanes, 
phehylsiloxanes and trifluoropropylsiloxanes. 

10. Polysiloxanes according to claim 9 being essentially a terpolymer of 

a) dimethylsiloxane, 

b) methylphenylsiloxane or diphenylsiloxane; 

c) and trifluoropropylmethylsiloxane monomers. 
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1 1 . Polysiloxanes according to claim according to claim 6 comprising at least about 4 mol % 
trifluoropropylmethylsiloxane. 

12. Polysiloxanes according to any of claims 2 to 1 1 having a specific gravity of within the range 
of about 1 .03 to 1 .20 and refractive index from above about 1.38. 

13. An injectable lens material, comprising polysiloxanes having a specific gravity that is greater 
than about 1 .0 and a refractive index comparable to that of a natural lens according to any of 
claims 1 to 12, a crosslinking agent having a suitable amount of unreacted Si-H groups and a 
catalyst. 

14. A reaction mixture for making polysiloxanes of an injectable lens material comprising a 
plurality of siloxane monomers having a specific gravity ranging from 0.97 to 1 .28, wherein the 
siloxane monomers comprise one or more trimer or tetramer or higher order cyclic siloxane 
monomers forming a silicone lens material with a specific gravity greater than 1 .0. 

15. The reaction mixture of claim 14, wherein the plurality of siloxane monomers is 
copolymerized to make a terpolymer with a refractive index of about 1 .41 and a specific gravity 
of about 1.1. 

16. The reaction mixture of claim 15 wherein at least one of the monomers has a specific gravity 
that is greater than 1 .0. 

17. The reaction mixture of claim 15, wherein the plurality of siloxane monomers are selected 
from a group consisting of methyl and substituted methyl siloxanes, phenyl siloxanes and 
trifluoropropyl methyl siloxane. 

18. The reaction mixture of claim 15, wherein the plurality of siloxane monomers consists 
essentially of cyclic dimethylsiloxane monomer, cyclic diphenylsiloxane monomer and 3,3,3- 
trifluoropropylmethyl cyclotrisiloxane.. 
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19. The reaction mixture of claim 15, wherein the plurality of siloxane monomers consists 
essentially of cyclic dimethylsiloxane monomer, triphenyltrimethyl cyclosiloxane monomer and 
3,3,3-trifluoropropylmethyl cyclotrisiloxane. 

20. A method ofpreparing an intraocular lens, comprising: 
providing a reaction mixture according to any of claims 1 4 to 1 9; 

polymerizing the siloxane monomers to form a polysiloxane having a specific gravity greater 
than 1.0; transferring the polymerized siloxane monomers in a mixture together with a 
crosslinking agent and a catalyst to the capsular sac; and curing the mixture to the final lens. 

21 . A method of preparing an intraocular lens including the provision of a mixture comprising 
the polysiloxanes according to any of claims 1 to 12, a crosslinker and a catalyst, injecting the 
said mixture into a mold and curing said mixture at curing temperature optionally under forming 
pressure for a time sufficient to prepare said lens. 

22. A method according to claim 21, wherein the mixture is injected into the capsular bag of a 
human eye and cured at an ambient temperature. 
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